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I. INTRODUCTION
F OUR-WAVE mixing (FWM) in semiconductor optical amplifiers (SOA's) has recently received considerable attention because of its potential applications in optical communications systems [1] - [5] . The major disadvantage of FWM in SOA's is the relatively high level of amplified spontaneous emission (ASE) noise generated, which degrades the signalto-noise ratio (SNR) at the output [6] . However, FWM has the advantage of being transparent to signal bandwidth and transmission format, and recent work has demonstrated that optimized devices may find practical application in cases where these characteristics are of prime importance [7] .
Previous theoretical studies of FWM in SOA's in the frequency domain have tended to focus on analysis of the pump-probe configuration, in which a high-power pump wave at one wavelength is injected into the SOA along with a lower power probe wave at a different wavelength [8] - [14] . These analyses typically proceed by developing either three or four coupled nonlinear differential equations describing the evolution of the injected fields and the most significant mixing product(s). Approximations can be made, such as neglecting pump and probe depletion, which simplify the analysis and lead, under certain conditions, to analytical solutions to the equations [10] - [12] . The evolution of a fixed number of Manuscript received December 7, 1998 . This work was supported by Telstra Research Laboratories.
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additional mixing products has been considered for the case of nearly-degenerate FWM, where the strong carrier population pulsations (CPP's) dominate the nonlinear interactions [14] , [15] . There have been few theoretical investigations of the noise performance of frequency converters based on FWM in SOA's [16] - [18] , and even fewer in which the spatial dependence of the population inversion in the SOA and the spectral dependence of the ASE have both been accounted for [19] .
In this paper, we develop a theoretical model of highly nondegenerate FWM in SOA's with an arbitrary number of input fields. We refer to this as multiwave mixing. The resulting coupled nonlinear equations are expressed in a concise, unified form. The particular analysis includes the effects of CPP, spectral hole burning (SHB), and carrier heating (CH), which dominate four-wave mixing interactions in bulk SOA's over bandwidths into the terahertz range [20] . We calculate the output ASE spectrum and account for the spatial dependence of the population inversion and the spectral dependence of the gain. This enables us to determine important system parameters such as the output SNR and the noise figure of the conversion process. We demonstrate the accuracy of the model in cases where the nonlinear interactions are very complex and simpler analytical or numerical models are not applicable.
The structure of the paper is as follows. In Section II, we derive the mathematical description for multiwave mixing amongst an arbitrary number of spectral components propagating through a traveling-wave SOA. We describe a numerical model based on this description. In Section III, we describe experiments performed to obtain measurements of four-wave mixing in an SOA for parameter estimation and to assess the performance and validity of the model. In Section IV, we present the parameters used for simulation and briefly discuss how they were obtained. We present a number of applications of the model in Section V, including simple pump-probe experiments, optical frequency conversion of modulated signals, and spectral inversion of a four-channel WDM comb. Comparisons are made between experimental and numerical results. Very good agreement is demonstrated for this wide range of applications.
II. MODELING FWM IN SOA'S

A. General Formalism
The general formalism presented in this section extends Agrawal's approach [8] . A schematic diagram of the SOA is shown in Fig. 1 . The SOA is a traveling-wave device, 1077-260X/99$10.00 © 1999 IEEE Fig. 1 . Schematic diagram of the traveling-wave configuration considered in the theoretical analysis. The AR coating is assumed to be perfect, with injected and generated fields propagating only in the positive z direction. with ideal AR coatings on the end facets. The optical field propagates unidirectionally through the device parallel to the axis. The injected current density is constant and is assumed to be uniform along the length of the device.
We describe the optical field propagating in the SOA as a set of discrete oscillating spectral modes (1) The coefficients are the complex amplitudes of the field components at optical frequencies , and are the nominal propagation constants for each mode. The complex amplitudes are normalized such that the quantity has units of irradiance (Wm ). For notational convenience, we define the vector to be the set of complex amplitudes . The frequencies of the field components are assumed to be equally spaced by , so that , where ranges over the positive and negative integers and zero, and is the central frequency of the modeled spectrum. This scheme is illustrated in Fig. 2 . Note that this layout allows any practical system to be modeled, provided that a sufficiently large number of frequencies are included, and is selected appropriately. Therefore, the number of field components and the spacing are chosen according to the frequency resolution and total bandwidth required.
We write the total induced material polarization as (2) where is the vacuum permittivity, is the linear susceptibility in the presence of "pumping" (charge injection due to injected current), and is the induced nonlinear material polarization [21] . If the rate of change of is much less than the spatial frequency of the mode, then, making the common "slowly varying amplitude approximation," the following general expression is obtained for the evolution of the th field component as it propagates through the SOA:
B. Linear Susceptibility
Pumping-induced susceptibility is a function of the carrier density in the active region of the SOA and is given by [8] , [21] (4) where is the linewidth enhancement factor, is the material scattering loss per unit length, and is the modal gain which is a function of both the carrier density and the frequency of the mode.
The linear susceptibility determines the gain and phase shift experienced by the optical fields propagating in the device. The carrier density required to determine the susceptibility is the solution to the carrier rate equation (5) where, following Agrawal [8] , we have neglected carrier diffusion. In (5) , is the electronic charge, is the thickness of the SOA active region, and is the spontaneous carrier lifetime.
For simplicity, the frequency dependence of the gain has been neglected in (5) , under the assumption that the optical field is concentrated in the vicinity of the gain peak. A partial relaxation of this approximation is described later. The modal gain is given by , where is the material gain coefficient, is the transparency carrier density, and the confinement factor represents the fraction of mode energy confined within the active region. We have neglected the nonlinear gain compression factor for the present, since its impact on the steady-state solution to (5) is negligible. We will show later that SHB and CH are responsible for nonlinear gain compression. The spontaneous lifetime in (5) is given by (6) where , and are the nonradiative, radiative, and Auger recombination coefficients, respectively [21] .
The average carrier density is obtained by finding the steady-state solution to (5) with . The result is (7a) where is the saturation irradiance. Using the recombination model of (6) in (7a), the average carrier density We have found that, for realistic device parameters, this equation has only one real root which can be readily computed.
C. Nonlinear Polarization
In order to derive the nonlinear polarization , we determine the interaction between four waves, as shown in Fig. 3 . The figure shows four field components,
, and , at angular frequencies , and and with corresponding field amplitudes , and . The th and th components "beat" together in the SOA, inducing material oscillations in the carrier distribution. The th field component evolves through the modulation of the th component by these material oscillations.
The frequency difference between and determines the frequency of the material oscillations. Thus, the frequency difference between and is also equal to . The total material response can be considered, to a high degree of accuracy, to be a linear superposition of all beating-induced oscillations [22] . We therefore consider each oscillation separately and obtain the total material response by summing all the individual oscillations. Contributions from carrier population pulsations, spectral hole burning, and carrier heating can also be considered to be independent [10] . These approximations are commonly employed in the literature and are supported by more detailed microscopic analysis [13] .
We now determine the modulation of the carrier density caused by beating between two input modes. We make the assumption that the carrier density modulation depth is small compared to its steady-state component and that the total carrier density can be written as [8] (8) which, upon substitution into (5), yields (9) where the effective small-signal carrier lifetime and saturation irradiance are defined by and , respectively. These sinusoidal CPP's [8] result in a contribution to the nonlinear polarization given by (10) We now consider the contribution to the nonlinear susceptibility from spectral hole burning and carrier heating. The most common approach taken in the literature uses the density matrix formalism to describe transitions within the conduction band [13] , [23] , [24] . To avoid this complexity, we use a simple phenomenological model to account for the effects of SHB and CH in which the nonlinear polarization at resulting from intraband effects is given by (11) where the 's are inverse saturation powers representing the strength of the nonlinearity, the 's are equivalents to the linewidth enhancement factor, representing the relative contributions of the gain and index modulation at all frequencies, and the 's are characteristic relaxation times associated with the nonlinear processes. The summation is performed over all contributing processes, namely spectral hole burning ( shb) and carrier heating ( ch). Good agreement with experimental results has previously been obtained by using curve-fitting techniques to determine these parameters [10] , [25] - [29] .
The total nonlinear polarization including CPP, SHB, and CH can be written as (12) where the parameters for CPP are , and . Substitution of (4) and (12) into (3) gives the differential equation describing the evolution of the th mode along the amplifier cavity in the presence of material oscillations caused by the beating of the th and th field components which modulate the th field component ( Fig. 3 ) (13) The first term in the square brackets of (13) is the linear gain and phase shift experienced by the th field component as it propagates through the SOA. The second term is the fourwave mixing contribution resulting from the presence of the field components at , and . The final term in (13) , to the right of the square brackets, represents the background losses within the SOA.
D. Generalized Coupled Nonlinear Equations
We now expand (13) into a more general vector differential equation that accounts for the interaction between all field components within the SOA. The result is an expression which is concise and from which the numerical solution for the propagation of an arbitrary number of equally spaced spectral modes can be obtained very efficiently.
To perform the analysis, we refer again to the general case represented by (2) and shown in Fig. 2 . Two modes, and , are separated by if (where is an integer). The beating between all such pairs of modes contributes to the material oscillation with a frequency of . Summing over all mode pairs, a complex function , describing the relative magnitude of the material response at frequency to the input field, is defined as (14) We make the substitution and note that the sum over contributing processes is independent of the index . Therefore, the sum over can be taken outside of the summation over , resulting in (15) The summation over in (15) is the discrete convolution of the vector with its order-reversed complex conjugate, which we will denote . Thus, (15) can be rewritten in vector form as (16) where is a vector containing the discrete values of the function . Each element of this vector represents the relative magnitude and phase of the material oscillation formed from the combination of CPP, SHB, and CH at the frequency . The element corresponding to in (16) has special significance, because . It follows that this term represents an effective reduction in the average gain which is proportional to the total optical power . The CPP component of represents the "linear" gain compression, or reduction in the population inversion, induced by the optical field. The SHB and CH contributions make up the nonlinear gain compression [25] , [27] that is often modeled by introducing a factor of ( ) in the expression for the modal gain. The gain compression factor is , a result which has been obtained previously by Willatzen et al. [41] .
We exclude the contribution of CPP in (16) , since the steady-state carrier density was already determined in (7) as a prerequisite to the derivation of (13) . To simplify the notation, we define an -element vector whose elements are given by (17) where .
We can then write (19) where the notation implies an element-by-element multiplication of the vector by the discrete convolution . We now consider the coupling between field components due to this material response. A contribution is made to the th component by modulation of the th component by the material oscillation if . Thus, the total nonlinear coupling between field components is given by (20) Thus, the -element vector of all coupling terms is defined simply by . This enables us to generalize (13) to account for all contributions to all field components as follows: (21) Equations (17)- (21) are the main result of this section and represent a complete and concise description of the set of coupled equations describing the evolution of the field amplitudes along the length of the SOA.
Assuming that the amplitude of the pump field is larger than either the probe or conjugate fields, it is straightforward to show that (21) reduces to the three basic equations of previous numerical and analytical solutions to the basic pump-probe configuration [8] - [10] .
E. Frequency Dependence of Model Parameters
Many of the parameters of our model are, in general, dependent upon the optical frequencies of the interacting fields. For example, it is well known that spectral hole burning and carrier heating are frequency-dependent processes [13] , [23] . Treating these parameters as scalar results in great simplification and efficiency gains in the model, and previous work (e.g., [10] , [20] , [25] ) has demonstrated that the corresponding loss in accuracy is negligible. However, in many cases of practical interest, the frequency dependence of the linear gain experienced by each field component may be significant [12] , [28] . In order to model this dominant contribution to the wavelength dependence of conversion efficiency and spontaneous emission noise, it is necessary to consider the wavelength dependence of the material gain. Thus, it is our aim to refine the model slightly by accounting for the frequency dependence of the gain only, while continuing to neglect other frequency-dependent effects.
A phenomenological model often employed in the literature expresses the material gain in the vicinity of the gain peak as a parabola [31] (22)
The first term in this expression represents the peak gain and is the same as the frequency-independent gain assumed in the preceding analysis. The parameter specifies the width of the parabola, while describes a linear shift in the gain peak to higher frequencies as the carrier density increases. The frequency in this expression is the frequency of the gain peak at transparency, when . Theoretical calculations and experimental measurements show that the gain spectrum is asymmetrical, and the material gain decreases more rapidly on the high-frequency side of the peak than on the low-frequency side [21] . In order to account for this asymmetry, a "piecewise-quadratic" refinement to (22) is proposed here in which a different width parameter is used on each side of the gain peak (23) Here the single width parameter has been replaced by two parameters:
corresponding to low frequencies, below the gain peak, and corresponding to high frequencies, above the gain peak. An alternative model has been used in other work, in which the quadratic form of (22) is replaced by a cubic function [32] . Near the gain peak, there is little reason to prefer one form over the other. The advantage offered by the piecewise-quadratic model is that it exhibits only one local maximum at the gain peak. A cubic function also possesses a local minimum and tends toward infinity on one side of the spectrum. This characteristic could interfere with the stability of a numerical computation.
Measurements on InGaAsP materials have shown that the induced phase change per unit length due to carrier-induced refractive index changes ( ) is almost independent of optical frequency in the vicinity of the gain peak [31] . Thus, the phase shift, represented in (21) by the linewidth-enhancement factor , is not frequency-dependent. Thus, our refined version of (21) is (24) where is the peak gain from the preceding analysis, and the vector , represents the frequency-dependent gain, with each element defined according to (23) .
F. Amplified Spontaneous Emission Noise
We now consider the calculation of the ASE noise at the output of the SOA. The output amplified spontaneous noise power in a bandwidth of around optical frequency at the output of a traveling-wave semiconductor amplifier of length is given by [19] 
where is the spontaneous emission factor given by [35] (26)
G. Implementation
To evaluate (24) , it is necessary to compute the two discrete convolutions in (19) and (20) . Using a fast Fourier transform (FFT) method to compute these discrete convolutions, each computation step in the numerical integration of (21) requires only operations. Contrast this with simply expanding (14) to account for all combinations of modes that contribute to the evolution of mode . This results in the number of terms in each equation being of the order . To compute the FWM performance of a SOA, a computer program has been written in C++ to integrate the system of equation (24) using a fourth-order Runge-Kutta algorithm with a fixed step-size. The implementation of the FFT computations is simplified by constraining the number of spectral modes to be a power of two. The ASE noise accompanying each spectral component is computed by integration of (25) . Since the total ASE noise power is small compared to the input optical power in cases of practical interest, it has a negligible impact on the steady-state carrier density calculated from (7). Consequently, it has a negligible impact on the stability and accuracy of the numerical integration of (24) . Thus, we have simplified the implementation by computing the ASE noise components independently of the coherent field components after each full Runge-Kutta step has been completed, avoiding the need for additional coupled equations to represent the noise. The simplified computation is equivalent to dividing the SOA into sections, each of length which is equal to the step-size of the Runge-Kutta integration. This is shown schematically in Fig. 4 . The carrier density in the th section is assumed to be constant, so that the net gain over the section is (27) Then, the ASE power at optical frequency within the bandwidth at the output of the th section is found by integration of (25) over the section length for the special case of homogeneous carrier density [19] , [33] , [34] (28)
The first term in (28) represents the amplification of the ASE noise from the previous section, while the second term is the ASE noise generated within the th section itself.
As an example of the computational efficiency of the model, the integration of a system of 512 equations using 90 steps takes around 5 s on a PC with a 400-MHz Pentium II processor under Windows 95. All the results presented in Section V were obtained using these calculation parameters, which for a 500-m-long device result in computational accuracy better than 0.01%.
III. EXPERIMENTAL SETUP
We have performed extensive experimental measurements of the four-wave mixing performance, and other characteristics, of a BT&D device, type SOA 1100-1550. Some of these results have been used to estimate parameters for the SOA (Section IV), while others are used in the application examples (Section V).
The experimental setup is shown schematically in Fig. 5 . This setup makes it possible to monitor all input and output powers over a wide wavelength range and to determine the conversion efficiency and ASE noise power spectral density. The input signal can be modulated, and the output frequencyconverted signal can be isolated and detected so that bit-errorrate (BER) measurements can be taken.
A tunable laser source (Hewlett Packard model 8168A) is used to generate the input signal. The tunable laser source is externally modulated using a 2.5-Gb/s LiNbO Mach-Zehnder modulator driven with a 2 1 pseudorandom bit sequence (PRBS). In measurements in which signal modulation was not used, the modulator was bypassed to avoid its insertion loss of approximately 4 dB. An optical power meter at the 10% output of a 90 : 10 coupler is used to monitor the signal power. A distributed feedback (DFB) laser amplified with an erbiumdoped fiber amplifier (EDFA) is used as the pump source, and a 1-nm optical bandpass filter is used to remove wideband ASE noise generated in the EDFA. The DFB laser is temperature-tunable over a range of 4 nm in the vicinity of 1550 nm. Polarization controllers in both the signal and pump paths allow the polarization of both sources to be aligned with each other and with the high-gain (TE) mode of the SOA. The pump and signal are combined in a 50 : 50 coupler, one output of which is used to monitor their combined power, while the other is input to the SOA. In all results presented in this paper, the bias current to the SOA is 180 mA. An optical spectrum analyzer connected to the 10% output of a 90 : 10 coupler is used to measure the amplified pump and signal powers, the frequency-converted output signal power, and the ASE power spectral density (PSD) as a function of wavelength.
The remainder of the experimental setup enables the frequency-converted output signal to be isolated and detected and is only required when performing BER measurements upon modulated signals. A fiber-grating filter resonant at the DFB laser wavelength is used to attenuate the pump. Since the pump power is reflected from the grating, an isolator is required before the filter to ensure that these high-power reflections cannot interfere with any measurements or with the performance of the SOA. A fiber Fabry-Perot (FFP) filter with a 20-nm free spectral range and a 10-GHz passband is then used to select the output signal. A second EDFA is used to boost the power of the converted output signal and is followed by a second FFP filter to remove the excess ASE noise. The variable optical attenuator controls the optical power at the APD receiver. The output of the receiver is amplified using a B&H wide-band amplifier. The resulting signal can be observed on a sampling oscilloscope or connected to the error detector of the BER test set to measure the BER.
IV. DEVICE PARAMETERS
The device parameters used in the numerical simulations presented in Section V are listed in Table I . The SOA length was estimated from measurements of the gain ripple resulting from residual facet reflectivities assuming a group index of 3.7 [21] , [31] , [36] . The parameter is the cross-sectional area of the SOA active region. Although this does not appear explicitly in the equations derived in Section II, it is required to convert between optical power and irradiance at the facets of the device. The material gain cross section , transparency carrier density , scattering loss , confinement factor , linewidth enhancement factor , and recombination coefficients , and are all typical for InGaAsP materials with a bandgap around 1550 nm [21] . The input and output coupling efficiencies and of 4 dB apiece are also typical and are consistent with measured ASE noise power in-fiber given the other device parameters. The bias current used in the numerical calculations is 170 mA, which is slightly lower than the actual current used in the experimental measurements (180 mA). However, a slight adjustment downwards is expected in practice to account for nonideal electrical behavior, such as current leakage, of the device.
The wavelength-dependent gain parameters , and were determined from direct measurement of the SOA gain spectrum. The nonlinear parameters , , , , , and were obtained by performing a least-squares fit to the results of pump-probe measurements using the analytical Fig. 6 . Schematic of the amplifier configuration for pump-probe inputs. The input pump is at frequency f p and the probe at frequency f q . The fiber coupling losses are C in and Cout.
model of Zhou et al. [10] . To ensure that the conditions of the measurement were consistent with the region of validity of the analytical model, as discussed in [10] and [37] , moderate input power was used (0 dBm injected pump power, and 12 dBm injected probe power). The resulting parameters are comparable to those found in another recent comparison between theory and experiment [20] .
V. EXAMPLES
A. Pump-Probe Configuration with CW Inputs
The first application considered here is a simple pump-probe experiment, shown schematically in Fig. 6 . A strong CW pump beam of power at optical frequency is injected into the SOA along with a weaker CW probe beam of power at frequency . The detuning is defined to be and is thus positive when the probe wavelength is shorter than the pump wavelength. For the case usually considered, in which and is more than a few tens of gigahertz, a number of numerical and analytical models have been reported (e.g., [8] - [13] ). The objective of this section is to verify the performance of our model for the simple pump-probe configuration. Fig. 7 shows the measured and calculated output spectrum for a pump-probe experiment in which the input pump power was 8.0 dBm at 1550.8 nm and the input probe power was 12.2 dBm at 1549.2 nm. The peaks in the experimental spectrum are broader than the theory because the resolution bandwidth of the OSA is 0.1 nm, compared to the resolution of the simulation which is less than 0.04 nm. Agreement between theory and experiment is generally very good. Note that the model accurately determines not only the power in the conjugate field at 1552.4 nm, but also the power in a fourth output field at 1547.6 nm. The model also calculates higher order mixing products of 65 dBm at 1554 nm and 79 dBm at 1546 nm, as well as a number of other products of even lower power at larger offsets from the input fields. These are of little practical interest in the present example, as they are well below the ASE noise floor.
The only significant discrepancy between theory and experiment is in the power spectral density of the ASE noise. There are two aspects to this discrepancy. The first is that the measured power spectral density is consistently lower than the calculated power spectral density. This error is within experimental accuracy, since the precision of the resolution bandwidth of the OSA is 30%. (The OSA was calibrated for power using a narrow linewidth source and an accurate power meter, but we had no effective means to accurately calibrate the resolution bandwidth.)
The second aspect of the discrepancy is the increase in ASE power on the long-wavelength side of the pump, which is not present in the numerical results. We believe that this is due to the asymmetry in the gain which is induced by the presence of a high-power pump wave, which effects the generation and amplification of the noise. This effect is not accounted for in our model, since interactions between the incoherent ASE and the coherent fields are neglected.
This same effect is known to affect the gain experienced by the probe wave [8] . To demonstrate this, we measured and calculated the gain experienced by the probe as a function of detuning. The results are shown in Fig. 8 . In this experiment, the input pump power was again 8 dBm at 1550.8 nm, and the input probe power was 11 dBm. The graph shows the measured and calculated signal gain for both positive and negative detuning from around 10 GHz to 2 THz. The average pump gain is also shown, which represents the approximate expected probe gain in the absence of four-wave mixing. The probe gain differs greatly from the average pump gain as the detuning is reduced. The signal gain is significantly increased at frequencies below the pump frequency and is reduced at frequencies above the pump frequency. For large detuning, the gain for positive and negative detuning converges. The dip in the gain for very large detuning results from the frequency dependence of the SOA gain curve. The model describes this behavior quite accurately, highlighting the benefit of including the frequency-dependent gain.
We define the noise figure of an optical component to be the ratio of the input to output electrical SNR, subject to the condition that the input signal is ideal and is shot-noise limited. The simplest expression for the noise figure of a frequency converter based on FWM in an SOA is then given by [38] ( 29) where is the output ASE power spectral density (in W/Hz) at the wavelength of the converted signal and is the corresponding optical frequency (in rad s ). The conversion efficiency is defined to be the ratio of the output converted signal power to the input signal power.
The noise figure defined by (29) is a measure of the overall performance of the frequency converter, taking into account the two major factors determining output signal quality: conversion efficiency and noise. Fig. 9 shows the measured and calculated noise figure as a function of detuning, obtained from a pump-probe experiment in which the input pump power was 0 dBm at 1550.8 nm, and the input probe power was 11.7 dBm. Good agreement is obtained, indicating the effectiveness of the model in describing conversion efficiency and noise generation. From this, we conclude that our model has the potential to be a very useful tool in predicting the system performance of frequency converters based on FWM in SOA's.
B. Optical Frequency Conversion of Modulated Signals
In the previous section, we demonstrated the effectiveness of our new model in describing FWM between CW signals in an SOA. If FWM is to be used for frequency conversion in communications systems, the input signals will be modulated and, therefore, the steady-state assumption of our model will be violated. However, we have previously demonstrated [39] that in practice the input signal power must be kept more than 10 dB below the CW pump power to avoid severe degradation of the output caused by carrier dynamics in the SOA. Under these conditions, although the signal may be fully modulated, the total input power to the SOA is dominated by the pump, and the net modulation index is small. We would, therefore, expect that a steady-state model would still provide useful information about the performance of the frequency converter. Fig. 10 shows the output power spectrum of a 2.5-Gb/s signal that was frequency-upconverted by 400 GHz. The input pump power was 8.1 dBm, and the average input signal power was 12.5 dBm. The inset shows the received eye pattern for the frequency-converted output signal at a received optical power of 32 dBm (corresponding to a BER of 10 ). The extinction ratio of input and output signals was greater than 10 dB. The power penalty at 10 BER for the converted signal compared to a back-to-back measurement of the input signal was 2 dB. This power penalty is due to a combination of the background ASE and instability in the fiber Fabry-Perot filters used in the receiver. The power penalty can be reduced to less than 1 dB by optimizing the input signal power and by using more stable filters [39] . A calculated spectrum is also shown in Fig. 10 . The average power of the modulated input signal was used in the input to the calculation, which represents the quantity measured by the optical spectrum analyzer. As predicted, good agreement between experiment and theory is obtained.
C. Simultaneous Spectral Inversion of Multiple Signals
The preceding applications demonstrated the effectiveness of our model in describing FWM in an SOA between two input fields under steady-state or near-steady-state conditions. However, they did not demonstrate the ability of the model to handle an arbitrary set of input fields in an entirely general manner. We now present an application of the model to multiwave mixing.
We have previously demonstrated the use of FWM in a single SOA to perform simultaneous spectral inversion of four 2.5-Gb/s WDM channels [40] . The application of this technique is in long-distance transmission, where mid-span spectral inversion can be used to overcome the detrimental effects of chromatic dispersion, FWM, and self-phase modulation in the transmission fiber.
The basic configuration for our four-channel spectral inversion experiment is shown in Fig. 11 . Details of the filter, demultiplexer, and receiver used to measure the performance of the conjugated output channels have been omitted, since we are concerned in the current paper only with the output spectrum. The four WDM channels A, B, C, and D were generated using DFB lasers at wavelengths of 1550.3, 1548.3, 1546.3, and 1544.3 nm, respectively. These were amplified by an EDFA before being combined in a grating multiplexer. The four channels were simultaneously modulated at 2.5 Gb/s in a single LiNbO modulator and then transmitted through 20 km of standard single-mode fiber, in which dispersion caused decorrelation of the four bit sequences. The four WDM channels were then combined with the CW pump field at 1543.3 nm. All fields were then launched into the SOA, in which phase conjugation occurred. A different SOA was used in the spectral inversion experiment from the device used in the experiment described in Section III. A detailed characterization of this second device has not been performed. However, it was of the same type (BT&D SOA 1100-1550) and is therefore expected to have similar parameters.
At the input to the SOA, the signal powers were 6.4, 7.3, 7.4, and 8.8 dBm for channels A, B, C, and D, respectively. The input pump power was 12.0 dBm. The bias current to the SOA was 180 mA. The output spectrum from the SOA was measured using the optical spectrum analyzer. The theoretical output spectrum was also calculated using the experimentally measured input powers and wavelengths and the device parameters given in Table I . The measured and calculated output spectra are shown in Fig. 12 . The desired output conjugate channels are indicated by the labels A , B , C , and D . Agreement between experiment and theory is generally very good. In addition to the desired conjugate channels, a number of additional fields are also generated at wavelengths in between the signal and conjugate fields. These fields are due to mixing between the pump field and two distinct input channels, and they are a potential source of crosstalk in a practical system which must be rejected by optical filtering [40] . Ideally, the input signals are equally spaced in frequency, and the pump is separated from channel A by half the channel spacing. If this were so, all the visible crosstalk terms would fall exactly halfway between the desired channels and only a single peak would be visible in each case. However, in the experiment, the channels were only approximately equally spaced. Small offsets from the ideal frequency spacing result in the crosstalk peaks being split into double peaks, depending upon which particular combinations of input fields generate them. The model accurately determines the magnitude and frequency of all the crosstalk fields, without requiring any a priori knowledge of the frequencies at which they will occur, or which of the input fields are most important in generating them.
Another feature of this result is that, in addition to the step in the ASE power at the pump wavelength, there is a clear additional increase in output ASE power of 2-3 dB toward the long-wavelength side of the spectrum, where the gain peak is located. This spectral dependence of the ASE noise power is visible in the measured and calculated results, highlighting again the benefit of including the wavelength dependence of the gain in the model.
In addition to the visible crosstalk terms, which can be eliminated in principle by high-quality optical filters, mixing between groups of three signal fields results in crosstalk components which fall at nominally the same frequencies as the output conjugate channels, i.e., in-band. These are potentially a far more insidious form of crosstalk, not only because they cannot be rejected by filtering, but also because they interact coherently with the desired channel at the receiver. One such product is visible in the calculated result of Fig. 12 just to the long-wavelength side of the conjugate channel D . It is not visible in the experimental results because of the limitation in resolution bandwidth of the optical spectrum analyzer. The other in-band crosstalk components are not visible in either the experimental or calculated spectrum because they fall well below the ASE noise floor. Inspection of the model output results excluding the ASE noise confirm that the D in-band crosstalk component is indeed the most significant crosstalk term and that it is about 30 dB below the D signal power. Thus, we would conclude that it would have little impact on the channel quality. This is confirmed by the BER measurements [40] , in which the D channel had a power penalty similar to the other three conjugate outputs.
VI. CONCLUSION
We have described a new frequency-domain numerical model of multiwave mixing in bulk semiconductor optical amplifiers. The model is applicable to steady-state, or near steady-state configurations, in which the total optical field and, hence, the carrier density within the SOA, can be assumed to be time-independent. It determines the output optical spectrum from an SOA in which multiwave mixing occurs over a broad optical bandwidth in the vicinity of the SOA gain peak and includes a calculation of the ASE noise accompanying each spectral component. The model also accounts for the spectral dependence of the SOA power gain, although the optical frequency dependence of other device parameters is neglected. The specific mathematical formulation of our model is well suited to computationally efficient implementation.
We have presented a number of applications of our model in which calculated results are compared with experimental measurements. Calculated conjugate signal power, probe gain, and noise figure have been demonstrated to agree closely with measured results. We have also demonstrated that the model is effective in predicting the performance of frequency conversion of modulated data signals, subject to the practical constraint that the modulated signal power is much lower than the CW pump power. Finally, we applied the model to calculating the output spectrum for a four-channel WDM spectral inversion experiment. We found that it performed very well, producing qualitative and quantitative agreement with the experimental measurement.
In conclusion, our new model is an effective and practical tool for analyzing multiwave mixing in bulk semiconductor optical amplifiers. It is particularly useful if the number of interacting field components is large or if the magnitude of higher order mixing components is of interest, where simpler numerical or analytical models are not applicable.
